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Abstract 
In this paper results of the characterization by SEM and TEM of Zr-1wt% Nb-0, 05wt% Fe with 200 ppm of 
hydrogen are presented, as well as the results of tensile tests at 300°C and room temperature to determine the 
pre-irradiation yield stress and ductility. The results are compared with hydrided Zr-2,5wt% Nb with the same 
heat treatments. 
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1. Introduction 
Zirconium-based alloys with additions of niobium have been used as material for fuel element cladding 
and pressure tubes in nuclear reactors to replace the commercial alloys known as Zircaloy. For instance, we 
can mention the M5 (Zr-1wt% Nb-0,05wt% Fe), the E110 (Zr-1wt% Nb-0,01wt% Fe), the ZIRLO (Zr-1wt% 
 
 
* Corresponding author, Tel 54-011-67727445, Fax 54-011-6772 7362 
  E-mail adress:fortis@cnea.gov.ar  
Available online at www.sciencedirect.com
© 2012 Published by Elsevier Ltd. Sel ction and/or peer- eview under responsibility of SAM/
CONAMET 2011, Ro ario, Argentina. Open ccess under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
521 C. A. Vazquez and A. M. Fortis /  Procedia Materials Science  1 ( 2012 )  520 – 527 
Nb-1wt% Sn-0.1wt% Fe) and the widely used Zr-2,5wt% Nb alloys. Niobium is added to increase corrosion 
resistance and to improve the mechanical properties of the Zr alloys, Kaplar et al., 2001. 
The incentive to start this work is directly connect to the current projects related to increase the burn-up of 
the fuel elements used in the PWR (pressurized water reactors). Zircaloy cladding suffers significant 
corrosion above some burn-up level, while much less corrosion occurs in Zr-1wt% Nb cladding used in the 
commercial operation of the Russian pressurized water reactors (VVER). 
It is very important for the life extension and security of the nuclear components to understand the 
corrosion behavior and the mechanical properties of those alloys under irradiation, in particular their creep 
resistance. 
The corrosion of zirconium alloys is a combined mechanism of oxidation/hidruration; it depends on the 
microstructure, composition, water chemistry and neutron flux. The Zr-Nb alloys have high corrosion 
resistance and good mechanical performance under operational conditions at low temperatures, but these 
requirements are not necessarily guaranteed under accident conditions like a LOCA (Loss of Coolant 
Accident). In this case an oxidation reaction in these alloys occurs with an intensive hydrogen production. The 
oxidation causes the mechanical deterioration and the embrittlement of the cladding. The produced hydrogen 
is partly absorbed by the zirconium alloy. In case of accident the security regulations limit the maxima 
cladding temperature and amount of oxidation to 1700ºC and 17% respectively, Perez-Feró et al., 2007. 
The neutron radiation as well as the hydrogen pick up affect the mechanical properties considerably. The 
irradiation with high-energy particles induces the formation of micro and nanometric defects; they can act as 
strong obstacles to the sliding of dislocations, producing a significant increase of the mechanical resistance, 
which usually is accompanied by a loss of ductility. In addition, the maximum stress and the yield stress are 
increased by the effect of the hydrogen pick-up during the permanence of the component in the reactor, 
reducing their ductility and tenacity. 
The hydrogen pick-up in Zr alloys, even in normal operation conditions, leads to the embrittlement, to 
delayed hydride cracking (DHC) or the formation of blisters, and is one of the main factors that reduce the 
component life like the pressure tubes in CANDU type reactors. In addition it can induce some swelling when 
the hydrogen dissolves in the metallic matrix. 
The ductility reduction depends on the hydrogen concentration with respect to the limit of solubility, on the 
direction of the hydrides with respect to the direction of the mechanical load and on the deformation 
temperature. 
During the operation of the reactor tens of ppm of deuterium are added to the original hydrogen content of 
the components. This produces the fail of the component not only due to the brittle character of the phases 
precipitated, but also to its possible interaction with the defects created by irradiation. The early embrittlement 
of components due to the presence of intermetallic phases added to the damage generated by the irradiation is 
a chapter still not understood of the mechanical behavior of these alloys. 
At the reactor operation temperature (|300ºC) the solubility of hydrogen in Zr-2.5wt% Nb is 
approximately 65 ppm. At this temperature up to 1000 ppm of hydrogen do not produce a remarkable ductility 
reduction. On the other hand in Zry-4 fuel claddings, the addition of 700 ppm of hydrogen produces a total 
elongation reduction of 32% during tesile tests at 350ºC, but uniform elongation is not affected, so it is 
concluded that the presence of hydrides only diminishes the amount of non uniform deformation. In the tests, 
the fracture is of ductile type in all cases, Huang and Huang, 1994. At room temperature, however, a small 
amount of hydrogen is enough to reduce severely the ductility of zirconium alloys, Garde, 1989.  
The alloys with 1wt% of Nb have been used widely in Russia (reactors VVER) and East Europe, and are 
studied as possible candidates to replace the Zr-2.5wt% Nb alloy in the new design of the reactors. Among 
other considerations, the minor Nb content produces an economy of neutrons due to its large neutron capture 
cross section. 
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A comprehensive study of the Zr-1%wt Nb alloys was undertaken in order to increase the fuel burn-up and 
the search for safer nuclear plants. With the same purpose it has been initiated a study of the mechanical 
properties and microstructural characterization of these alloys as a function of hydrogen content. In this paper 
one of these alloys is analyzed in the pre-irradiation condition. The studies were performed in parallel with 
those already made with the Zr-2, 5wt% Nb alloy, Vazquez et al., 2010, and the results for both alloys are 
compared. 
2. Experimental procedure 
The material for this study was provided by the company Teledyne Wah Chang Albany in the shape of 
sheets of 1mm in thickness. The composition is shown in Table 1, which corresponds approximately to the 
M5 alloy. Specimens for the mechanical tensile tests were prepared from the sheets rolled down to a thickness 
of 0.5 mm. They were cut with a CNC machine; the size of the specimens was reduced to a minimum in order 
to diminish the radiation dose after the irradiation during transport and tests. A jaws system was also designed 
to obtain a fast assembly of the irradiated specimens, Figure 1. 
The specimens were vacuum annealed during 24 h at 450ºC, and then hydrided under a gaseous load to a 
concentration of 200 ppm of hydrogen and annealed again in argon atmosphere during four days at 380ºC to 
obtain the homogenization of the hydrogen content. 
 
Table 1. Composition of the studied alloy 
 
Zr -1wt % Nb Nb C Fe O Cr 
Composition (wt%) 1 0,0014 0,05 0,084      0,0074 
 
 
 
 
 
 
 
 
 
Fig. 1. Tensile specimen and jaw system 
 
The tensile tests were carried out at room temperature and at 300ºC in a universal tensile Instron machine, 
with a cell load of 50 KN. The tests took place with an inverted traction system which aim is to realize tests at 
different temperatures. The test speed was 0.2 mm/min that corresponds to a deformation rate of 1.5 10-4 s-1. 
The low speed of the test responds to the possible request that undergo the components during their 
permanence in the reactor. 
Foils for transmission electron microscopy (TEM) in the transverse and longitudinal directions of the 
specimen were prepared, together with samples for optical and scanning electron microscopy.  Figure 2 shows 
the structure of the material previous to hydruration treatments.  
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3. Results 
 
The excellent mechanical properties of the Zr-Nb alloys are due to the precipitates that contain Nb. The 
best corrosion resistance is attributed specifically to the precipitates of ENb (approx. 80% Nb) and to the 
concentration in balance of Nb in the matrix of Zr. In the two-phase system EZr (20% Nb) precipitates above 
610ºC and ENb precipitates below that temperature, Kim et al., 2008. Then it is procured that the Zr-1w%Nb 
alloy was treated at low temperatures to reach a good mechanical resistance as well as a good corrosion 
resistance. In the thermal treatment at 450ºC it was intented that part of the precipitates enriched in EZr 
transform into E enriched in Nb, Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
(a)       (b) 
 
Fig. 2. Structure of the present phases: (a) Zr-2.5wt% Nb and (b) Zr-1wt% Nb. In both cases the heat treatment was of 24 h at 450ºC. 
Images obtained with scanning electron microscopy (SEM). 
 
 
 
             
 
 
 
 
 
 
 
     
 
 
                           
                                                                              a)                                                                                                       (b)              
Fig. 3. TEM images of Zr -1wt% Nb: (a) before and (b) after the final thermal treatment. The arrow indicates the  E phase enriched in Nb 
in a grain boundary.   
These are the best properties prior to the irradiation. In this condition it is assumed that the solubility of the 
hydrogen is smaller than in the EZr.  
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According to the curves of solubility in aged Zr-1wt% Nb, 200 ppm of hydrogen are completely 
precipitated below 400ºC, according to the equation  (1), Khatamian, 1999:  
 
> @    ^ `RTmolJppmHC //30036400exp1006,039,1 5 rur    (1) 
 
Tensile tests were performed at room temperature and 300ºC to obtain the pre-irradiation mechanical 
results, Table 2. In Figure 4 the distribution of the hydrides on the perpendicular plane to the traction direction 
is observed.  
 
Table 2.  Results of tensile test. 
  
Alloy H cont (ppm) T (ºC) ıf (MPa) ım (MPa) įtot (%) įunif (%) 
Zr-1wt%  Nb 0 25 433 503 14,30 6,84 
Zr-1wt%  Nb 0 300 351 400 12,58 4,61 
Zr-1wt%  Nb 200 25 439 519 15,72 6,98 
Zr-1wt%  Nb 200 300 376 425 14,37 4,32 
Zr-2,5wt%  Nb 0 25 515 674 18,69 9,31 
Zr-2,5wt%  Nb 0 300 316 489 12,53 6,67 
Zr-2,5wt%  Nb 200 25 586 663 15,30 8,75 
Zr-2,5wt%  Nb 200 300 492 513 14,87 7,29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)              (b) 
 
Fig. 4. SEM images of hydrides on the transversal section to the tensile direction: (a) Zr-2.5wt% Nb, (b) Zr-1wt% Nb. 
 
Figure 5 shows the total tensile test curves at 300ºC and at room temperature for both hydrided and not 
hydrided Zr-1wt% Nb samples.  
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Fig. 5. Stress-strain curves at 300ºC and at 25ºC for Zr-1wt% Nb 
 
Figure 6 shows the total tensile test curves at 300ºC and at room temperature for both hydrided and not 
hydrided Zr-2.5wt% Nb samples.  
                   
Fig.6. Stress-strain curves at 300ºC and at 25ºC for Zr -2.5wt% Nb 
3. Discussion 
At room temperature the net effect of the presence of hydrides in the hardening of Zr-1wt% Nb was not 
observed and the total and uniform elongations do not present remarkable variations. 
However at 300 ºC an increase can be seen in the yield stress in the hydrided specimen. But the ductility is 
not affected by the increase of the test temperature.  
The heat treatment performed suggested a precipitation of the E phase particularly in the grain boundary as 
shown in Figure 3. The amount of precipitated phase does not seem to influence the hardening in remarkable 
way, but it most probably influences the growth of grains, since the ductility obtained at 300ºC does not 
present marked differences with that obtained at 25ºC. 
In Figure 7 the ductility of both hydrided alloys at 25ºC and 300ºC is compared. It is observed that, although 
the total deformation does not vary significantly with the temperature, the non-uniform deformation  
526   C. A. Vazquez and A. M. Fortis /  Procedia Materials Science  1 ( 2012 )  520 – 527 
is larger at 300ºC.  
  
Fig. 7. Comparison of the ductility of hydrided Zr-1wt% Nb and Zr-2.5wt% Nb at 25ºC and 300ºC. 
 
 
At two test temperatures both Zr-1wt% Nb and Zr-2.5wt% Nb heat treated during 24h to 450ºC do not 
show significant variations in mechanical properties, but it could be seen a hardening produced by the 
hydrogen precipitates. 
 
4. Conclusions 
 
Mechanical tests of Zr-1wt% Nab alloy hydride with 200 ppm of hydrogen were realized at 25ºC and 
300ºC, in order to study its mechanical properties under reactor conditions. 
With a thermal treatment of 24 h at 450ºC a precipitation in grain boundaries of a phase enriched in Nb is 
obtained. This phase prevent the grain growth at 300 ºC. At this temperature the hydrogen content produced 
an increase of the yield stress.  
In the non-hydrided material at 300ºC the Nb enriched precipitated phase acts reducing the ductility. 
For both Zr-1wt% Nb as Zr-2.5wt% Nb with 200 ppm of hydrogen the total deformation does not vary but 
the non- uniform deformation increases at the higher temperature, suggesting a reordering of hydrides.  
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